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CONVERSION FACTORS
International System (SI) units in this report may be converted to inch-

pound units by the following conversion factors:

Divide SI units By To obtain inch-pound units
cubic meter per second (m3/s) 0.02832 cubic foot per second (ft3/s)
meter (m) 0.3048 foot (ft)

meter per minute (m/minute) 0.3048 foot per minute (ft/minute)
cubic meter (m3) 1233 acre-foot (acre-ft)

kilometer (km) 1.609 mile (mi)

square kilometer (km?) 2.590 square mile (mi2)

metric tonne 0.9072 ton

To convert degrees Celsius (°C) used in this report to degrees Fahrenheit

(°F), use the following equation:

OF = 9/5 (°C + 32).
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FLOODS FROM DAM FAILURES
by John E. Costa
ABSTRACT

Floods resulting from dam failures usually are much larger than those
originating from snowmelt or rainfall. Dams can be classified as
constructed dams and natural dams. Constructed dams are usually concrete
arch, buttress, or gravity dams, and earth- or rock-fill dams. Natural
dams include ice dams, morainal dams, volcanic dams, and landslide dams.
Other unusual kinds of dam failures include drainage of lakes by
underground mining, bursts of large water-diversion pipes, bursts of water
stored in peatlands (bog-bursts), and failures of large-volume industrial
containers.

During the last 100 years, there have been about 200 significant
failures of constructed dams, resulting in the death of more than 11,100
people. More than 60 percent of this loss of life occurred in three
failures alone: Vaiont, Italy, 1963 (2,600), South Fork (Johnstown)
Pennsylvania, U.S.A., 1889 (2,200), and Machhu II, India, 1974 (2,000 +).
Major causes of constructed- dam failures are overtopping due to an
inadequate spillway (34 percent), foundation defects (30 percent), and
piping and seepage (28 percent). én order-of-magnitude estimate of risk of
dam failure is approximately 107 per dam~year. In the United States for
the last 2 decades, the annual loss of life from dam failures has been
about 14. The average number of fatalities per dam failure is 19 times
greater when there is inadequate or no warning.

The release of ice-dammed lakes canm occur by raising the ice barrier
by hydrostatic flotation, or by drainage and subsequent enlargement of
cracks and tunnels in the ice dam. Flood peaks predicted from failure of
glacial dams have the lowest standard error of prediction using the
product of dam height and reservoir volume. Flood peaks from failure of
ice dams generally are smaller than flood peaks resulting from failure of
constructed and landslide dams of the same height or impounding the same
volume. However the largest flood known to have occurred on the surface of
the Earth, the "Spokane Flood" in eastern Washington, U.S.A., originated
from the sudden release of water from Glacial Lake Missoula when an ice dam
failed between 16,000 and 12,000 years ago.

Landslide dams are a world-wide phenomenon. They typically are much
wider and involve larger volumes of sediment than constructed dams of the
same height. Consequently when a landslide dam fails, there commonly 1is
much more sediment and debris to erode before a full breach is developed.
Thus floods resulting from failure of landslide dams generally have smaller
flood peaks than floods from failed constructed dams with the same dam
height and reservoir volume. Natural dams of pyroclastic sediments seem to
be the most susceptable to rapid failure.

For rapid prediction purposes, when potential loss of life or property
is involved, a conservative peak-discharge estimate based on envelope
curves developed from historic dam failures can be made from knowledge of



dam height and reservoir volume. For reconstructing past flood peaks from
dam failures for paleohydrological or sedimentological investigations,
regression equations with dam height and volume as independent variables
produce equations with standard errors of 75 to 147 percent. For all types
of dams, the dam factor (height times volume of water), a rough measure of
potential energy, produced the lowest average standard error.

After large floods from dam failures, one or more of the following
characteristics can be expected: (1) Aggradation of the valley upstream by
trapped sediment, (2) triggering of landslides by the rapid draw-down of
reservoir water levels, (3) large amounts of local scour and deposition
downstream, (4) erosion of bedrock along valley walls, and (5) the
formation of wide, shallow, braided channels downstream.

INTRODUCTION

The purpose of this report is to summarize, in a general way,
information about the hydrology and geomorphology of floods produced from
the failure of natural and constructed dams. Floods resulting from dam
failures usually are much larger than those originating from snowmelt or
rainfall. The sudden release of large quantities of stored water from a
breached dam can cause great destruction to property and potential loss of
life downstream. The volumes and magnitudes of some floods from dam
failures may be unprecedented in the cultural and natural history of the
affected valley., Tremendous quantities of sediment and debris eroded,
transported, and deposited downstream can cause significant modifications
to channels and valley morphology. Floods from dam failures have produced
shear stresses and unit stream powers comparable to the largest rainfall-
runoff or snowmelt floods ever measured in the United States (J. E. Costa,
U.S. Geological Survey, unpub. data, 1985).

Dams generally can be categorized as constructed dams and natural
dams. Within each category there are numerous types.

CONSTRUCTED DAMS AND CAUSES OF FAILURES

The construction of dams to create reservoirs for water supply was one
of the earliest engineering undertakings. Remains of one of the oldest
constructed dams in the world, believed to date from ca. 2900 B.C., still
survive in the Wadi el-Garawi about 32 km south of Cairo, Egypt. This
rubble-masonry structure was 107 m long, 11 m high, and had a reservoir
capacity of 570,000 m3 (Jansen, 1980). The Romans built many stone dams
throughout their empire, the earliest near Toledo, Spain sometime after 193
B.C. In the United States, the first dams were constructed to impound
water to run gristmills and sawmills. One of the earliest dams was erected
in 1623 to run the first sawmill in America on the Piscataqua River at
South Windham, Maine. On the western coast of the United States, Jesuits
constructed one of the earliest dams on the San Diego River in 1770
(Jansen, 1980).



In the United States, the National Dam Inspection Program (Public Law
92-367) compiled data on about 68,000 dams that were either more than 7.6
m high, or impounded at least 61,650 n3 at maximum water-storage elevation.
Earth- and rockfill dams by far constitute the largest percentage of dam
types (93 percent). Their characteristics consist of an impermeable barrier
made from compaction of fine-grained materials, combined with a mass of
earth and rock material to impound water. An earthfill dam is an
embankment dam in which more than 50 percent of the total volume is formed
of compacted fine-grained material obtained from a borrow area. A rockfill
dam is an embankment dam in which more than 50 percent of the total volume
consists of compacted or dumped pervious mnatural or crushed rock.
Foundation requirements are less stringent than for other types of dams.

A gravity dam, constructed of concrete or masonry or both, relies on
its weight for stability. Gravity dams represented 5 percent of the
investigated dams. An arch dam (0.4 percent of the sample) is a concrete
or masonry dam that is curved in plan so as to transmit the major
proportion of the water stress to the bedrock abutments. Buttress dams
(0.3 percent of the sample) consist of a watertight upstream face
supported at intervals on the downstream side by a series of buttresses.

Of the 8,639 dams inspected by the U.S. Army Corps of Engineers by
September, 1981, 1/3 were declared unsafe. The primary defect of 82
percent of the dams was inadequate spillway capacity. The two largest
groups of owners of unsafe dams are one or more individuals (27.4 percent),
and State, city, or county governments (26.4 percent) (Morrison, 1982).
By May 1982, no corrective measures had been initiated at 64 percent of
the unsafe dams, principally because of the owners” lack of resources
(Committee on the Safety of Existing Dams, 1983).

Ever since the earliest dams were built, there have been dam failures.
The history and description of the failure of some famous constructed dams
throughout the world can be found in Jansen (1980). There have been
approximately 2,000 failures of constructed dams throughout the world since
the 12th century (Jansen, 1980), and many thousands more failures of
natural dams. During the last 100 years, there have been about 200
significant failures of constructed dams, in which more than 11,100 people
died; 6,800 lives were lost in three failures alone: Vaiont, Italy, 1963,
(2,600), South Fork (Johnstown) Pennsylvania, U.S.A., 1889 (2,200), and
Machhu II, India, 1974 (2,000 +) (Jansen, 1980). Financial losses
associated with dam failures probably are inestimable.

Several investigations have attempted to summarize the causes of major
dam failures throughout the world. 1In 1961 the Spanish publication
"Revista de Obras Plblicas" presented the results of an investigation of
1,620 major dams (as reported in Gruner, 1963). In the 145 years between
1799 and 1944, 308 dams suffered serious accidents or failures. Of these,
57 percent were fill or embankment dams, 23 percent were gravity dams, 3
percent were arch dams, and the remaining 17 percent were other types.

Reported causes of failure were foundation failure (51 percent)
including uneven settlement and earthquakes; inadequate spillways (23



percent); piping and seepage (7 percent), including high pore pressures and
embankment slips; and various other causes (19 percent), including improper
construction, acts of war, defective materials, and incorrect operation.

In a study of more than 300 dam failures throughout the world, Biswas
and Chatterjee (1971) reported that about 35 percent were a result of
floods exceeding the spillway capacity, and 25 percent resulted from
foundation problems such as seepage, piping, excess pore pressure,
inadequate cut-off, fault movement, settlement, or rock slides. The
remaining 40 percent of the failures were caused by various problems
including improper design or construction, inferior materials, misuse, wave
action, and acts of war.

The International Commission on Large Dams compiled a survey of dams
more than 15 m in height that failed between 1900 and 1973 (International
Commission on Large Dams, 1973). The three main causes of failure were
overtopping (inadequate spillway), foundation defects, and piping (fig.
1). The major cause of failure of concrete dams was foundation failure
(53 percent), and the major cause of failure of fill or embankment dams was
piping and seepage (38 percent). Piping and seepage failures did not occur
with any concrete dam. For all dams built, failures by overtopping due to
an inadequate spillway (34 percent), foundation defects (30 percent) and
piping and seepage (28 percent) have about the same rate of occurrence
(fig. 1). These data clearly indicate that the greatest risks of a dam
failing originate from ignorance of the magnitude and frequency of extreme
floods, and uncertainities of the geologic setting.

The incidence of the causes of dam failures as a function of the dam’s
age at the time of failure is shown in figure 2. Foundation failures occur
early in a dam”s history, whereas other causes take relatively longer to
develop. A very large percentage of all dam failures occurs during
initial filling since this is the time when design or construction flaws,
or latent site defects, will appear.

The percentage of different kinds of dams built in western Europe and
the United States between 1900 and 1969 is shown in figure 3. Fill or
embankment dams (50 percent) were the most numerous types built, gravity
dams were second (26 percent). The percentage of failures that occurred
for the four different types of dams is summarized in figure 3. Nearly 75
percent of the dams that failed were fill dams. However data in figure 3
also show the failed dams as a percentage of the dams built, and indicates
that gravity dams were the safest, followed by arch and fill dams.
Buttress dams have the poorest safety record; however, they were the least
used.

The risk of dam failures in the United States is approximately 3 x
10°% to 7 x 1074 per dam-year (Baecher and others, 1980). Worldwide dam
failure rates are estimated to be 2 x 107% to 4 x 107% per dam-year
(Baecher and others, 1980). The seemingly higher dam failure rate in the
United States probably is an artifact of better and more comprehensive data
on failures than exists in most of the rest of the world. When major dam
failures are considered, the United States failure rate is 0.8 x 10~4 per
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dam-year, and the world failure rate 2 x 10-4 per dam-year (Mark and
Stuart-Alexander, 1977). There are many uncertainties in these kinds of
estimates, and the only consistent conclusion available is that an order-
of-magnitude estimate of risk of dam failure anywhere in the world is
approximately 107" per dam-year. This failure rate has been shown to be a
significant factor in the cost-benefit analysis of large dams where there
is potential for large loss of life (Mark and Stuart-Alexander, 1977;
Rose, 1978).

In the United States between 1963 and 1983, the average annual loss of
life from dam failures was about 14 deaths (table 1). This figure compares
with 200 deaths per year from flooding, 25 deaths from mass movements, 12
deaths from earthquakes, and 6 deaths from tsunamis (Costa and Baker, 1981,
p. 462). Interestingly, the failure of constructed dams less than 15 m in
height caused about 90 percent of all dam-failure fatalities during this
period. On the basis of a sample of 20 dams that failed in the United
States during this century, Wayne Graham (U.S. Bureau of Reclamation,
written commun., 1984) found that the average number of fatalities per dam
failure was 19 times greater when there was inadequate or no warning, than
when there was adequate warning. The effects of successful warning for
some recent dam failures, and the Big Thompson River, Colorado flash flood
of 1976, are given in table 2. The data show that in the absence of early
detection and warning, a significant percentage of the people exposed to
the flood hazard can lose their lives. For example, the failure of the
relatively low Laurel Run Dam in Pennsylvania (12.8 m high) at 4:00 a.m.
claimed the lives of about 1 out of every 4 people potentially exposed to
floodwaters, because there was no warning. The failure of the 93-m high
Teton Dam, Idaho, at 11:57 a.m. was preceded by a warning, and only about 1
out of every 3,000 people potentially exposed to the floodwaters died.

Obviously, there is great benefit to be derived from early warning of
the failure of a dam. Some relatively inexpensive actions that communities
downstream from hazardous dams could undertake include development of
emergency action plans, establishment of an early-warning and notification
system, preparation of evacuation plans, stockpiling repair materials,
locating local repair forces, training operation personnel, and increasing
inspection frequency. However, risk can never be completely eliminated.
In 1969, a 76-year-old earth dam near Wheatland, Wyoming, failed without
warning, flooding more than 40 km? of cropland. The failure occurred in
dry weather less than 10 hours after the dam had been inspected and found
safe (Anonymous, 1969).

DAM-BREAK MODELS

Many types of dam-break models exist, ranging from simple computations
based on historical dam-failure data that can be performed manually, to
complex models that require computer analyses. The purpose of each model
is to predict the characteristics (such as peak discharge or stage,
volume, and flood-wave travel time) of a dam-failure flood.



Table l.--Loss of life and property damage from notable U.S. dam failures,

1963-1983 (Graham, 1983)

Name and location Date of Number of
of dam failure lives lost Damages
Mohegan Park, Conn. Mar 1963 6 $3 million
(1963 dollars)
Little Deer Creek, Utah June 1963 1 Many summer cabins
damaged .
Baldwin Hills, Calif. Dec 1963 5 4] houses destroyed,
986 houses damaged,
100 apartment
buildings damaged.
Swift, Mont. June 1964 19 Unknown.
Lower Two Medicine, Mont. June 1964 9 Unknown.
Lee Lake, Mass. Mar 1968 2 6 houses destroyed,
20 houses damaged,
1 manufacturing plant
damaged or destroyed.
Buffalo Creek, West Va,. Feb 1972 125 546 houses destroyed,
538 houses damaged.
Lake "O" Hills, Ark. Apr 1972 1 Unknown.
Canyon Lake, South Dak. June 1972 33% Unable to separate damage

due to failure from
damage caused by natural

flooding.



Table 1l.--Loss of 1life and property damage from notable U.S. dam failures,

1963-1983 (Graham, 1983) - Continued

Name and location Date of Number of
of dam failure lives lost Damages
Bear Wallow, North Carol. Feb 1976 4 1 house destroyed.
Teton, Idaho June 1976 11 771 houses destroyed,
3,002 houses damaged,
246 business damaged
or destroyed.
Laurel Run, Penn July 1977 39 6 houses destroyed,
19 houses damaged.
Sandy Run and 5 others, July 1977 5 Unknown .
Penn.

Kelly Barnes, Georgia Nov 1979 39 9 houses, 18 house trailers,
and 2 college buildings
destroyed; 6 houses,

5 college buildings damaged.

Swimming Pool, N.Y. 1979 4 Unknown .

About 20 dams in Conn. June 1982 0 Unknown.

Lawn Lake, Colo. July 1982 3 18 bridges destroyed,

117 businesses damaged,
108 houses damaged,
campgrounds, fisheries,
powerplant damaged.
DMAD, Utah June 1983 1 Unknown.

* Lives that would not have been lost if dam had not failed.

10



Table 2.--Comparison of warning success for selected dam failures and flash floods

(Graham, 1983)

Early Potential Actual loss Fatality
Event detection and loss of life of life rate (%)
warning
Big Thompson, Colo. No 2,500 139 5.6
(flash flood)
Laurel Run Dam, Penn. No 150 39 25.0
Kelly Barnes Dam, Georgia No 200 39 20.0
Buffalo Creek, West Va. Some 4,000 125 3.1
Teton Dam, Idaho Yes 35,000 11 <0.1
Southern Conn. Yes Unknown 0 0
June 1982
(20 dams failed)
Lawn Lake, Colo. Yes 4,000 3 <0.1
DMAD, Utah Yes 500 1 0.2

11



The simplest estimation of the peak discharge and attenuation
downstream from a dam failure involves empirical data from historic dam
failures. Much of the available data on peak discharges from failures of
constructed dams is summarized in table 3. The simplest and earliest
relations to be developed involve characteristics of the dam and reservoir.
Kirkpatrick (1977) plotted data on height of dam (arithmetic) versus peak
discharge (log) for 21 actual and hypothetical dam failures, and drew what
appears to be an average curve through the data points. His equation 1is:

Quax = 2-297 (H + 1)2+2, (1)

where Qp,x is peak discharge in cubic feet per second, and H is height of
dam in feet. This relation later was revised by the U. S. Soil
Conservation Service using data from 13 actual dam failures, and plotted as
a power function that appears to be an enveloping curve, although 3 data
points are above the curve (Soil Conservation Service, 1981). The
equation is:
Quax = 65 H1-85. 2

Dam height versus peak discharge for 31 failures of constructed dams
between 1.8 and 84 m high is plotted in figure 4 and, listed in table 3.
An envelope curve for flood peaks from all the constructed dams has the
equation

Quax = 48 ul-63, (3)
where Qp,x is peak discharge in cubic meters per second, and H is dam
height in meters. This envelope curve is not plotted in figure 4.

Accuracy of many peak-discharge estimates from dam failures is
questionable, and errors of one order of magnitude may exist. If a rapid,
conservative assessment of the potential peak discharge from a failed dam
is desired, then the envelope curve (equation 3) could be used. If the
purpose is to compare flood peaks from failures of different types of dams,
or to reconstruct past flood peaks from old, failed dams for
paleohydrological or sedimentological investigations, then a regression
equation 1is more appropriate. A regression equation using dam height as
the independent variable has been developed from the data in table 3, and
plotted in figure 4. The equation is:

Quax = 10.5 81875 £2 = 0.80, (4)

and the standard error (SE) is 82 percent.

A plot of reservoir volume at time of failure versus peak discharge is
shown in figure 5. Sensitivity studies have indicated that reservoir
volume as well as dam height are critical factors in the magnitude of dam-
failure hydrographs (Hagen, 1982; Petrascheck and Sydler, 1984). An
envelope curve encompassing all the data points except two (Malpasset Dam,
France, point no. 15, and Cascade Lake Dam, Colorado, point no. 30) has
the form:

12
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Qmax = 2,950 v0.57 (5)

where V is reservoir volume at time of failure, in m3 x 108, This envelope
curve is not shown in figure 5.

The Malpasset Dam was a high concrete-arch structure and Cascade Lake
Dam was a concrete-gravity dam. These kinds of dams are more susceptible
to rapid failure than most of the other types. The sequence of the
toppling failure of Cascade Lake Dam, Colorado, is shown in figure 6. The
inflow flood peak leading to the failure was 45 percent of the outflow
peak following the failure.

Including the Malpasset and Cascade Lake Dam failures, the envelope
curve 1is:

Qmax = 4,000 v0-57 (6)
This envelope curve is not shown in figure 5.

Hagen (1982) and the Committee on the Safety of Existing Dams (1983)
developed a criterion for estimating peak discharge based upon the product
of dam height (H) and reservoir volume (V). This product (H x V) is the
dam factor, and is a crude index of the energy expenditure at the dam when
it fails. Hagen’s equation, based upon seven data points excluding the
Malpasset failure, is:

Qmax = 370 (uv)0-2, (7)
and including the Malpasset failure, is:

Qmax = 530 (HV)0-2, (8)
where V is reservoir volume in acre-feet, and H is dam height in feet.

Using 29 data points covering a much broader range of reservoir
heights and volumes from table 3, the envelope curve (not plotted) is:

Qmax = 1150 (Hv)0-44 (9)
and the regression equation is:

Qmax = 325 (uv)0.42, ,2 - 0.75; SE = 95 percent (10)

where V is reservoir volume in m3 x 106, and H is dam height, in meters.
The regression curve is plotted in figure 7.

MacDonald and Langridge-Monopolis (1984) produced a similar
relationship to Hagen”s (1982), except they relate the product of outflow
volume of water during the failure and the difference in elevation of the
peak reservoir-water surface and breach base, with peak-outflow discharge.
The relation is very similar to that developed by Hagen (1982).
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Simple theoretical estimates of dam-break hydrographs originated with
Ritter (1892) who used the approximate Saint-Venant equation but assumed
rectangular, horizontal channels with no frictional or turbulent resistance
to the unsteady flow. Maximum flood discharge following a dam break is
approximated by:

8
Q= 5 gl/2 y302 11)

27
where q 1is breach unit width discharge, g is gravitational acceleration,
and Y is reservoir depth upstream of the dam before failure. Since most
dam breaches are trapezoidal in shape (MacDonald and Langridge-Monopolis,
1984), the equation has been expanded by Price and others (1977) to:

Qmax = _E_ g1/2 ¥3/2 (0.4 b + 0.6 T) (12)
27
where Qmax is maximum discharge, b is width of breach base, and T is top
width of breach at initial water level. Since this equation ignores
frictional and turbulent resistance, computed peak discharges tend to be
larger than peak discharges determined by slope—area or draw-down rate
methods. Equations 11 and 12 can be rewritten as a simple energy
conservation equation for instantaneous disappearance of the dam, where
slope and resistance do not initially matter [v = _§__(gy)l 2], where v is

27
velocity (Michael Church, written communication, 1985).

An important control on the downstream flood hydrograph from a failed
dam is breach characteristics including size, shape, and time of formation
of the breach. MacDonald and Langridge-Monopolis (1984) present a large
amount of data on the size and shape of the breach from failed comstructed
dams. Breach shapes tend to be trapezoidal, with top width four times the
dam height, and bottom width two times the dam height (McMahon, 1981).
Of the three breach characteristics, shape has the least influence on the
flood hydrograph.

1,008 sA
Time of breach formation can be estimated from t <— — where t is
w(n)1/2
time for breach formation, in seconds, SA is surface area of reservoir, in
acres, W is average breach width, in feet, and H is depth of water at time
of failure, in feet (Fread, reported in McMahon, 1981). Time of breach
formation becomes increasingly insignificant as reservoir volume becomes
very large. Size of breach, especially average breach width (W) is a very
important variable (Petrascheck and Sydler, 1984). Size of breach is most
difficult to estimate for concrete gravity and buttress dams, while for
earthfill dams it seems to fall between 1/2 and three times the height of
the dam (Johnson and Illes, 1976). For concrete arch dams, breach width is
probably the full width of the dam.

Peak discharge resulting from a dam failure can be estimated from a
time-dependent relationship:

Qp = 3.1 W [c/(t+c/\V/H)13; (13)

c = 23.4 SA/W
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where Qp is peak discharge, W is average breach width (ft), t is time (hrs)
of breach formation, H is height (H) of the dam, and SA is reservoir-
surface area (acres) at the dam crest (Wetmore and Fread, 1981). With this
equation, peak discharge sensitivity can be computed for various estimated
values of t. For a conservative estimate, the maximum expected breach
width and minimum expected breach time would be used to estimate peak
discharge. Equations 11, 12, and 13 are general forms of the broad-crested
wier formula (Brater and King, 1976).

Within the last decade, numerous computer programs have been developed
to simulate dam-break hydrographs. Peak discharges, depths, and areas
inundated downstream need to be known to minimize loss of life and
property. Two popular examples are the HEC-1 program of the Corps of
Engineers, and the National Weather Service DAMBRK model (Fread, 1980).
The National Weather Service DAMBRK model, modified by Land (1980b), uses a
hydraulic routing procedure based on a nonlinear implicit finite-difference
algorthm for the equations of continuity and momentum. References to other
programs can be found in Land (1980 a, b). The purpose of these models is
to predict the behavior of flood waters released from a dam failure. The
initial outflow hydrograph from a failed dam usually is approximated by a
triangle. After the dam-break outflow hydrograph is determined by one of
the methods described previously the hydrograph must be routed through the
downstream valley. The models usually require river cross sections,
Manning”s n-values, and upstream and downstream boundary conditions. Model
output should include prediction of flood-wave travel time, peak discharges
and volumes at different locations downstream, and inundation areas.

Land (1980a) makes some interesting comparisons among four dam-break
flood-wave models by using data from three actual dam failures, and
provides suggestions for finding the most accurate, stable, and economical
models to use. Dam-failure models are constrained by inaccuracies in
estimates of breaching characteristics such as timing, size, and shape; by
estimations of roughness coefficients, volume losses, debris and sediment
effects, and by channel hydraulics inadequately described by one-
dimensional flow equations. Consequently results of dam-break models can
have large and significant errors, and operating the more complicated
models can be a difficult task (Land, 1980a). In simulation the user
specifies the timing, size, and shape of the final breach. Breach
parameters have little impact on flood characteristics far downstream from
the dam (Petrascheck and Sydler, 1984). Morphological characteristics of
breaches in historic constructed dams are described by Johmson and Illes
(1976) and MacDonald and Langridge-Monopolis (1984).

An analysis of some failed dams for which downstream hydraulic
measurements were made allows an estimate of attenuation rates based upon
empirical data. Available downstream flow data from some failed dams are
listed in table 4. Downstream peak discharges are related to peak
discharge from the dam failure, and downstream distance from the dam.
Attenuation rates as a percentage of upstream discharge are plotted
against distance downstream in figure 8. A conservative envelope curve
that encompasses all plotted data points for constructed dams, and includes
steep, narrow downstream valleys is:
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100

Qx = (14)
10(0.002Ix)

where Qx = discharge as a percentage of the peak discharge at kilometer O,
and x = distance downstream from location of peak discharge determination,
in kilometers. For broader, more open valleys, a conservative empirical
enveloping curve has the form,

100

@ = = (0.0052%) (15)

Knowledge of the valley geometry downstream should be used to modify
the previous equations as necessary. Wide flood plains and high
infiltration rates may lead to more rapid attenuation than the curves would
indicate. Flood elevations and inundation areas can be determined from
depth—-discharge and depth-area curves.

NATURAL DAMS

A wide variety of types of natural dams have failed, producing large
floods. Hutchinson (1957) provides a comprehensive overview of the origins
of lakes and includes discussion of failures of natural dams. The most
common types of natural dams that have failed producing large floods are
ice dams, morainal dams, volcanic flow dams, and landslide dams.

Jokulhlaups

Jokulhlaup (“glacier burst”) is an Icelandic term for a flood caused
by the sudden and often catastrophic release of water impounded within or
behind glacial ice (Thorarinsson, 1953). The largest flood known to have
occurred on the surface of the Earth, the "Spokane Flood" in eastern
Washington, originated from the sudden release of water from Glacial Lake
Missoula in the valley of the Clark Fork River in western Montana when an
ice dam formed by a lobe of the Cordilleran Ice Sheet failed between 16,00
and 12,000 years ago (Baker, 1973). The lake had a volume of 2 x 1017 4
and failure of the ice dam produced a flood with an estimated peak
discharge of 21 x 105 w3/s (Baker, 1973).

Jokulhlaups can occur in any area covered by continental or valley
glaciers. They have caused large loss of life and property damage in many
places throughout the world including Iceland (Thorarinsson, 1953, 1957);
northern India (Hewitt, 1982); Pakistan (Nash and others, 1985); Peru
(Lliboutry and others, 1977); Norway (Aitkenhead, 1960); Alaska (Post and
Mayo, 1971); Switzerland, France, and Italy (Eisbacher and Clague, 1984);
and Canada (Clarke, 1982; Young, 1980).

In a study of more than 50 jokulhlaups in the Alps, over 95 percent

occurred in the months of June to September, inclusive, with maxima in June
and August (Tufnell, 1984). Glacial lakes often drain periodically, which

23



wep Ppa3oaIa3s

wo1j spoolJ Jo saiex

‘4 91qel 031 Pakay siaqunu Y3Iim ‘saanjiey

uoT3IENUalIIE

Sutmoys vydeig °g 2an31g

(W) LINJWIHNSVIIN IDHVHISIA XV3Id 40 31IS HO INVA INOHd WVIHLISNMOAQ JONVLSIa

00 08¢ 09¢ oOvc 0c¢c

00¢

08l

091

ovL

0ZL 001

08 09 ov 174 0

I

T

I

I I ! I

gCe

//
//
~

" Ol ~
{X2S500°0)
00T = X0

I

I [

{x1zo0'0 0L

_ _ I I P

l
Te)

— N

~—
~——
~
—
”Xc\ —~— .
|

(A Ry N
_ _ 001

0 H3LIWOTD 1V IDHVHISIA 40 3ODVLINIDHId V SV IDHVHISIA

24



Table 4.--Attenuation rates from some historic dam-failure floods (in part from Graham, 1980).

Name of Cumulative Peak discharge Percentage of
Dam distance along (m3/8) discharge at
(index number from flood plain, in kilometers river-kilometer 0
table 3)
Schaeffer, Colo. 0 4,900 100
(no. 8) 21 4,330 88
88 880 18
Apishapa, Colo. 0 6,850 100
(no. 9) 91 1,420 21
Castlewood, Colo. 0 3,570 100
(no. 12) 60 960 27
91 425 12
Little Deer Creek, Utah 0 1,330 100
(no. 17) 17 1,100 82
22 500 37
80 150 11
124 85 6.3

Swift, Mont. 0 -— -
(no. 19) 35 24,950 100
144 5,780 23
Hell Hole, Calif. 0 -— —
(no. 21) 75 8,780 100
117 7,165 82
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Table 4.--Attenuation rates from some historic dam-failure floods (in part from Graham, 1980).--continued

Name of Cumulative Peak discharge Percentage of
Dam distance along (m3/8) discharge at
(index number in flood plain, in kilometers river-kilometer 0
table 3)
Buffalo Creek, W, Va. 0 1,420 100
(no. 22) 16 370 26
31 250 18
39 210 15
Teton, Idaho 0 65,140 100
(no. 23) 16 30,020 46
138 2,560 3.9
178 1,910 2.9
284 1,515 2.3
Kelly Barnes, Georgia 0 680 100
(no. 28) 5.4 405 60
12 180 27
16 105 15
Lawn Lake, Colo. 0 510 100
(no. 29) 9.4 340 67
17.3 205 40
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suggests that the depth of water (and consequent hydrostatic pressure) may
be the primary factor controlling when a lake drains. The release of
glacier-dammed lakes can occur by the formation of a drainage channel
under, through, or over the ice. Several proposed mechanisms for failure
of ice-dammed lakes include (1) slow plastic yielding of ice from
hydrostatic pressure differences between the lake and adjacent, less—dense
ice (2) raising of the ice barrier by hydrostatic flotation, (3) crack
progression under combined shear stress from glacier flow and high
hydrostatic pressure, (4) drainage through small, pre-existing channels at
the ice-rock interface and consequent enlargement of ice tunnels by melting
by heat in the lake water, and heat produced from kinetic energy of the
water from the rapidly draining lake; (5) water overflowing the ice dam,
generally along the margin; (6) subglacial melting by volcanic heat; and
(7) weakening of the ice dam by earthquakes (Post and Mayo, 1971). Factors
(1) through (4) are controlled by thickness of the ice dam, which
determines the necessary pressure for floatation, and controls ice
dynamical behavior such as tunnel closure rate and crevasse behavior. Lake
depth, meanwhile, is limited by the elevation of the lowest bedrock divide
or col.

When a lake drains, drainage tunmels freeze in the winter and runoff
collects behind the ice dam in the spring and summer, during which time
the ice dam may fail again. The characteristics and behavior of ice-dammed
lakes can change drastically as ice advances or retreats in response to
local climate variations. Lakes dammed by polar and subpolar ice in cold
regions normally drain supraglacially or marginally through downmelting of
the outlet channel, while ice dams in more temperate climates are more
liable to sudden englacial or subglacial breaching (Blachut and Bellantyne,
1976).

Jokulhlaups can produce enormous floods (Table 5). The largest floods
seem to be outbursts produced by subglacial melting of ice by volcanoes.
The most intense observed floods occur from Myrdalsjokull in Iceland where
peak discharges may exceed 100,000 m /s (Thorarinsson, 1957). Hypothetical
hydrographs of two types of jokulhlaups are shown in figure 9. Dams that
burst suddenly are characterized by a steep rising limb, sharp peak, and a
steep recession limb (Young, 1980). Floods produced by progressive
enlargement of veins and channels by passing waters have more gradually
rising limbs, sharp peaks, and steep recessional limbs (Haeberli, 1983).
Some examples of actual jokulhlaup hydrographs can be found in Thorarinsson
(1953) and Stone (1963). The time of year when a jokulhlaup occurs can be
an important factor in determining the magnitude of the flood. In January
1969, the drainage of a glacial lake into the Kenai River, Alaska,
fractured the river ice and formed large ice jams that plugged the channel,
resulting in severe flooding (Post and Mayo, 1971).

The timing and potential magnitude of jokulhlaups only can be crudely
estimated. If the hydrostatic flotation theory of Thorarinsson (1953) is
applicable, subglacial drainage becomes possible when the hydrostatic
pressure of water from a lake exceeds the ice overburden pressure in a dam.
This occurs when the depth of water in the glacial lake reaches about 0.9
times the height of the ice barrier. Knowing the height of the ice barrier
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Figure 9. Generalized hydrographs of jokulhlaups.
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